The perinatal nutritional environment can permanently influence body weight, potentially leading to changes in puberty onset and reproductive function. We hypothesized that perinatal under-or overfeeding would alter puberty onset and influence concentrations of a neuropeptide crucial for successful puberty, kisspeptin. We manipulated Wistar rat litter sizes to derive small (SL), control (CL), and large (LL) litters containing 4, 12, and 20 rat pups respectively. This manipulation results in an overweight phenotype in SL rats and a lean phenotype in LL that persists throughout life. To investigate whether successful puberty onset is affected by neonatal under-or overfeeding, we examined indices of growth and development, including the onset of puberty, as well as the central expression of Kiss1 mRNA in these pups. Male LL rats reached puberty later than those from CL. These males also had reduced plasma testosterone and elevated 17beta-estradiol concentrations at puberty. The age at puberty onset was not affected in SL males despite accelerated growth. In females, puberty onset was not significantly delayed by having a lean phenotype, and steroid hormones were not affected. The age at onset was, however, younger in the SL females. Kiss1 mRNA in the hypothalamus was not affected by neonatal nutrition either at puberty or 7 days later. Our findings show early life underfeeding in males and overfeeding in females significantly affects puberty onset, altering steroid hormone concentrations in males, but this is not related to changes in hypothalamic kisspeptin. development, kisspeptin, nutrition, puberty
INTRODUCTION
Successful puberty is, of course, important for an animal's appropriate maturation and subsequent ability to reproduce. The onset of puberty appears to be closely associated with adiposity. For instance, sufficient levels of fat are essential for initiating puberty in humans [1, 2] , and obesity is associated with early puberty onset in girls and either early or delayed puberty in boys [2] [3] [4] [5] [6] . Precocial puberty onset in girls is linked with an increased risk of the development of a number of diseases, including obesity [7, 8] , adult-onset diabetes [9] , breast cancer [10] , disordered eating, and anxiety [11] . Early puberty is also associated with early increased adolescent risktaking behavior [12] , which can result in preteen and teen pregnancies [13] and an increased incidence of sexually transmitted diseases in this population [14] .
Several neuroendocrine triggers are essential for puberty onset and the maintenance of successful reproductive behavior and function. Kisspeptins are neuropeptides encoded by the Kiss1 gene and are crucial for successful puberty [15, 16] . KISS1 neurons are found in the anteroventral periventricular nucleus (AVPV) extending through the rostral periventricular area (referred to in this paper solely as the AVPV), as well as in the arcuate nucleus (ARC) [17] . Immediately prior to puberty, kisspeptin expression in the brain is low. An acute rise in KISS1 and the kisspeptin receptor (Kiss1r, also known as GPR54) mRNA is associated with activation of gonadotropinreleasing hormone (GnRH) neurons in primates [18] and the onset of puberty in rats [19] and mice [20] . Kisspeptin acts at the hypothalamus to stimulate GnRH neurons [20] and release GnRH into the hypophyseal portal system [21] , and this acts downstream to stimulate the secretion of the gonadotropins that drive oogenesis and ovulation in females or spermatogenesis in males. Disruption of this circuitry can lead to delayed or absent puberty and impaired reproductive function. For example, Kiss1 or Kiss1r knockout mice do not undergo puberty [22] [23] [24] [25] , and polymorphisms of KISS1R in humans can lead to hypogonadotropic hypogonadism and impairments in fertility [24, 26, 27] .
There is some evidence that KISS1 expression in adults may be altered by adiposity. Kiss1 mRNA in the ARC is reduced in obese leptin-deficient (ob/ob) and diet-induced obese mice [28, 29] . A role for kisspeptin has been proposed in fertility problems associated with conditions of altered energy balance such as morbid obesity [30] , and at least one study in humans has found that adult female plasma kisspeptin concentrations are negatively correlated with body mass index [31] . It is unknown however, if alterations in adiposity at the approach of puberty are sufficient to alter puberty onset and the kisspeptin signals that stimulate it. We therefore hypothesized that early life over-or undernutrition, resulting in an overweight or lean phenotype, respectively, would affect onset of puberty and the appropriate development of the neural signals important for regulating reproduction, specifically, Kiss1 mRNA expression.
MATERIALS AND METHODS

Animals
All the procedures were conducted in accordance with the National Health and Medical Research Council Australia Code of Practice for the Care of Experimental Animals and were approved by the Monash University School of Biomedical Sciences Animal Ethics Committee. Timed pregnant Wistar rats were obtained from the Animal Resources Centre, Western Australia. They were maintained at 228C on a 12L:12D cycle (0700-1900 h) with pelleted rat chow and water available ad libitum.
Litter Manipulation
On the day of birth (postnatal day [P] 0), litter sizes were manipulated to derive small (SL), control (CL), and large (LL) litters with 4, 12, and 20 rat pups, respectively. We, and others, have previously demonstrated that this manipulation results in an overweight phenotype in the pups from SL and a lean phenotype in those from LL that persists throughout the juvenile period and into adulthood [32] [33] [34] [35] [36] . Thus, all the pups were removed from their dams and randomly reallocated to new dams in litters of 4, 12, or 20 as previously described [32] . Care was taken that no dam received any of her own pups. Each new litter was made up of 50% males and 50% females. The excess pups were culled.
Following pup reallocation, we weighed the litters weekly as whole litter units. Pups were not weighed individually to avoid stress effects. We have previously determined that males and females show similar growth rates until after weaning [37] . At weaning (P21) the pups were separated into same-sex littermate pairs and left undisturbed, except for the usual animal husbandry, until experimentation. All the rats had free access to standard rat chow and water after weaning. Postweaning food intake was not measured, but we have previously seen no differences between the groups when food intake is corrected for body weight [32] . In these experiments, we report data from 154 offspring from 17 litters. Where possible, we allocated each rat within a pair to a different sample stage (day of or 7 days after puberty). Offspring from LL not used in these experiments were kept for use in other work.
Growth and Onset of Puberty
To examine whether successful puberty onset, and therefore potential reproductive development, may be altered by neonatal over-or undernutrition, we examined indices of growth and development, including onset of puberty. Pups were monitored daily from P10 for the day of eye opening, used as a developmental milestone, which was classified as having occurred when both eyes were at least partially open. Females were monitored daily (0800 h) from P28 for vaginal opening. Males were monitored daily (0800 h) from P34 for balano-preputial separation. The day of vaginal opening and the day of balanopreputial separation for females and males, respectively, were regarded as the day of puberty onset [38] .
Tissue Processing
On the day of puberty (n ¼ 6 per group) or 7 days after the onset of puberty (n ¼ 6 per group), the rats were deeply anesthetized with isofluorane. Blood was quickly removed via a cardiac puncture and blood samples were kept on ice until the brains were collected. The rats were then immediately decapitated and the brains removed. Brains were frozen on dry ice and stored at À808C until ready for use. Blood samples were centrifuged, and the plasma aliquots were stored at À208C until assayed. Brains were subsequently cut using a cryostat into five sets of 20-lm sections in the coronal plane from the diagonal band of Broca to the mammillary bodies. Sections representing the AVPV and ARC were immediately thaw-mounted onto SuperFrost Plus slides and stored at À808C. One set was used for in situ hybridization (ISH) (sections at 100-lm intervals).
Testosterone Enzyme-Linked Immunosorbent Assay
A standard testosterone ELISA (Assay Designs) was used to assess plasma testosterone concentrations. The interassay variability for this assay was 9.3%-14.6% coefficient of variation (CV), intraassay variability was 7.8%-10.8% CV, and the lower limit of detection was 5.67 pg/ml. Samples from all the treatment groups were assayed together.
17b-Estradiol Radioimmunoassay
An ultrasensitive estradiol radioimmunoassay kit (Diagnostic Systems Laboratories) was used to assess plasma 17b-estradiol concentrations. The interassay variability for this assay was 7.5%-12.2% CV, intraassay variability was 6.5%-8.9% CV, and the lower limit of detection was 2.2 pg/ml. Samples from all the treatment groups were assayed together.
In Situ Hybridization
The Kiss1-specific cDNA template spanned bases 76-486 of the mouse cDNA sequence (GenBank accession number AF472576) and was generated by PCR with primers containing promoters for T7 RNA polymerase in the antisense direction and T3 RNA polymerase in the sense direction. There is 90% homology between mouse and rat in the cloned region, and we demonstrated previously that this probe hybridized successfully in the rat brain [39] . Kiss1 mRNA ISH was performed as previously described [40, 41] . Six 20-lm coronal sections (100 lm apart) through the AVPV and 12 sections (100 lm apart) through the ARC were processed from each rat as described previously [40] . Radiolabeled ( 35 S)-antisense Kiss1 riboprobe was denatured, diluted in hybridization buffer at a concentration of 5 3 10 6 cpm/ml along with tRNA, and applied to slides (120 ll/slide). After hybridization (538C for 16 h), the slides were treated with ribonuclease A, washed in decreasing concentrations of saline sodium citrate, and dehydrated. Slides were dipped in Ilford K5 photographic emulsion (Ilford Imaging), stored in the dark at 48C, and developed 2 wk later. No signal was observed after the application of radiolabeled sense probe (data not shown).
Kiss1 mRNA Quantification and Analysis
Kiss1 mRNA-containing cells were identified under dark-field illumination, and image analysis was carried out using randomly coded slides with software designed to count the total number of cells and the number of silver grains per cell, a semiquantitative index of mRNA expression/cell (Image-Pro Plus). Cells were counted when the silver grain density was greater than three times background. For each animal, the number of Kiss1 mRNA-positive cells were counted. Because no rostro-caudal differences were seen, counts were pooled into a single total. Data are expressed as the mean number of identifiable cells and the mean number of silver grains per cell.
Data Analysis
Preweaning body weights were compared using a single corrected weight generated for each litter (measured weight/number of pups in the litter) between CL, SL, and LL rats using ANOVA with repeated measures with litter size as the between factor and time (or age) as the within subject factor/repeated measure. When a significant interaction was found between litter size and time, a one-way ANOVA was performed for each time point with Student-NeumannKeuls (SNK) post hoc comparisons. Age at eye opening was compared using one-way ANOVA with litter size as the between factor, followed by an SNK post hoc comparison. Age at puberty onset, weights at puberty, plasma hormone concentrations, numbers of KISS1-positive cells, and numbers of silver grains per cell were analyzed separately for males and females using oneway ANOVAs with SNK post hocs. Data are presented as the mean 6 SEM. Statistical significance was assumed when P , 0.05.
RESULTS
Neonatal Nutrition Affects Growth, Development, and Onset of Puberty
Litter size manipulation to derive small and large litters led, as we have previously seen [32] , to significant differences in pup body weights that were evident by P7 and continued postweaning (Fig. 1A) . Thus, there was a significant interaction between litter size and age (P , 0.001), with underfed rats (LL; n ¼ 3 litters) being significantly smaller and overfed (SL; n ¼ 8 litters) being significantly larger than controls (CL; n ¼ 6 litters) and significantly different from each other on Days 14 (P , 0.05) and 21 (P , 0.05) but not Day 1 (P ¼ 0.53). On Day 7 LL rats were significantly lighter than both CL and SL (P , 0.05).
The age at which the eyes were first opened, a significant milestone in the development of the rat, was also affected by neonatal nutrition. Pups from SLs showed evidence of precocial development in that their eyes were opened significantly earlier than pups from the other groups (P , 0.001; Fig. 1B ). The age of first eye opening was not affected by neonatal underfeeding.
The age at which the pups reached puberty was also significantly affected by neonatal nutrition and the subsequent associated changes during the infantile and juvenile periods (Fig. 1C) . Neonatally underfed male pups (those from LL) were significantly slower to reach puberty than the CL and SL males (P , 0.001). Neonatal overfeeding did not affect male puberty onset. In the females, by contrast, age at puberty onset was not affected by neonatal underfeeding and the neonatally overfed pups (those from SL) reached puberty significantly faster than their CL counterparts (P ¼ 0.026).
SMITH AND SPENCER Consistent with their greater levels of weight gain throughout the preweaning period, male rats from SL had significantly greater weights at puberty onset than CL and LL males (P , 0.001; Fig. 1D ), and male LL pups weighed less at puberty than those from the other groups (P ¼ 0.039). Female LL pups also weighed less at puberty onset than both CL and SL pups (P , 0.001), while female SL weights were not significantly different from CL.
Neonatal Underfeeding Results in Reduced Plasma Testosterone Concentrations in Males at Puberty and in the Week Following
Circulating concentrations of the male sex steroid, testosterone, were measured in our neonatally over-and underfed male rats to determine whether this potential index of reproductive function is affected by neonatal nutrition. Male plasma testosterone concentrations were not affected, either on the day of puberty or 7 days later, by overfeeding in the neonatal period (Fig. 2, A and B) . However, neonatal underfeeding did result in significantly reduced circulating concentrations of testosterone, both at puberty (P ¼ 0.043) and 7 days later (P ¼ 0.042).
Neonatal Underfeeding Results in Elevated Plasma 17b-Estradiol at Puberty but Not in the Week Following
We also measured circulating concentrations of the female sex steroid, 17b-estradiol. While there were no differences between the groups in plasma concentrations of 17b-estradiol in the females (Fig. 2, E and F) , we did see differences in the males that inversely reflected their changes in testosterone. Thus, male LL rats had significantly more circulating plasma 17b-estradiol than CL on the day of puberty (P ¼ 0.028). No differences were seen 7 days later (Fig. 2, C and D) .
Neonatal Nutrition Does Not Affect Kiss1 Expression at Puberty Onset or 7 Days Later
To examine if neonatal nutrition can affect the neurological signals important for successful puberty, we measured the abundance of Kiss1 mRNA in the AVPV and ARC using ISH (Fig. 3 ). There were no significant differences in the numbers of cells expressing Kiss1 mRNA (Fig. 4) or the numbers of silver grains/cell between the groups in either males or females in either brain region (males: AVPV day of puberty 80-120 grains/cell, AVPV 7 days after puberty 71-104 grains/cell, ARC day of puberty 117-122 grains/cell, ARC 7 days after puberty 58-62 grains/cell; females: AVPV day of puberty 73-95 grains/cell, AVPV 7 days after puberty 62-79 grains/cell, ARC day of puberty 45-65 grains/cell, ARC 7 days after puberty 44-46 grains/cell). The ARC was considered a single entity in these studies because no differences were noted in rostral to caudal aspects of the nucleus (data not shown). We did see a trend toward reduced numbers of KISS1 cells in the ARC of LL males (18.4 6 9.5 vs. 51.2 6 17.9 in CL rats) and an increased number of KISS1 cells in the female AVPV of LL rats (136.8 6 42.0 vs. 74.8 6 26.7 in CL rats) on the day of puberty, but these were not statistically significant and had disappeared by 7 days after puberty.
FIG. 1. Neonatal nutrition affects growth, development, and onset of puberty. A) Preweaning body weights of rats raised in small (SL), control (CL)
, and large (LL) litters. Rats were weighed in whole litter units, and the weights corrected for the number of pups in the litter; n ¼ 3 (LL), 6 (CL), and 8 (SL) litters/ group. B) Age at first eye opening; n ¼ 31-65 rats/group. C) Age at puberty; n ¼ 14-22 rats/group. D) Weight at puberty; n ¼ 14-22 rats/group. Different lowercase letters (a-c) indicate significant differences (P , 0.05) on same day. *P , 0.05. Data are mean þ SEM.
NEONATAL NUTRITION ALTERS PUBERTY ONSET
DISCUSSION
Puberty onset is correlated with adiposity, with appropriate levels of fat being permissive for successful puberty to occur [1, 2, 42, 43] . In the present study, neonatally underfed male rats, but not females, reached puberty later than controls. These males also had reduced plasma testosterone and elevated 17b-estradiol concentrations on the day of puberty. Reduced testosterone concentrations were still evident 7 days after puberty onset. The age at puberty onset was not affected in neonatally overfed males despite accelerated growth as reflected in the faster weight gain, earlier age at eye opening, and heavier weights at puberty. We have previously seen that adiposity as well as weight are associated with the size of the litter in which the rat is suckled [44] . In accordance with previous studies, it appears that appropriate weight and adiposity are necessary but not sufficient for puberty to occur [1, 2] . Interestingly, in the females we saw different effects of neonatal nutrition on puberty onset. Thus, onset was not significantly delayed by having a lean phenotype, and steroid hormones were not affected at puberty or 1 wk later. The age at puberty onset was, however, younger in the overweight females. We should note that other factors in addition to differences in preweaning nutrition are inherent in this model, such as postweaning catch-up growth and competition for food, and these may also contribute to the changes we see in puberty onset.
FIG. 2. Neonatal nutrition affects plasma sex steroid concentrations.
A) Plasma testosterone levels on the day of puberty in male rats suckled in small (SL), control (CL), and large (LL) litters; n ¼ 10-17 rats/group. B) Seven days after puberty; n ¼ 6-16 rats/group. C) Plasma 17b-estradiol levels on the day of puberty in male rats; n ¼ 5-6 rats/group. D) Seven days after puberty; n ¼ 4-6 rats/group. E) Plasma 17b-estradiol levels on the day of puberty in female rats; n ¼ 5-6 rats/group. F) Seven days after puberty; n ¼ 4-5 rats/group. *P , 0.05. Data are mean þ SEM.
SMITH AND SPENCER
Kisspeptin expression in the brain is associated with successful puberty onset [15, 16] . We therefore hypothesized that delayed or accelerated puberty would be associated with attenuated or enhanced hypothalamic Kiss1 expression, respectively, in our animals. This did not prove to be the case, although we cannot discount other aspects of kisspeptin regulation being altered (such as mRNA stability, peptide synthesis, trafficking, and peptide release). We saw no differences in Kiss1 mRNA expression between the groups in either the AVPV or the ARC in males or females. It has previously been shown that delayed puberty, in a model of neonatal immune challenge, is associated with a downregulation of Kiss1 expression in the AVPV approximately 1 wk prior to puberty in females [45] . In this study, no changes in kisspeptin were seen on the day of puberty or at any other stage in the ARC [45] . Adiposity did not seem to be a factor in these findings because weights were not different between the groups [45] . Prenatal (intrauterine) undernutrition is also known to disturb the development of reproductive function and the delay the onset of puberty in rats [46] . In these animals, Kiss1 mRNA expression was significantly lower and serum leptin concentrations significantly higher than in control offspring leading up to the onset of puberty [46] . Interestingly, increased fetal glucocorticoid exposure also delays puberty onset [38] although it is not associated with any change in hypothalamic Kiss1, Kiss1r, or Gnrh mRNA expression [47] . It would be interesting to determine in our experimental model if hypothalamic expression of Kiss1r or Gnrh mRNA or plasma concentrations of other important reproductive hormones such as luteinizing and follicle-stimulating hormone are altered in rats with delayed puberty; a change in these would potentially indicate variation in GnRH/gonadotropin output independent of Kiss1 mRNA expression. 
NEONATAL NUTRITION ALTERS PUBERTY ONSET
Although we did not see differences in Kiss1 expression in the present study, we did not measure this peptide in the leadup to puberty, and it is possible KISS1 is affected by adiposity levels then. Indeed, Kiss1 mRNA can be reduced in the hypothalamus under fasting conditions prior to puberty [48] [49] [50] . Conditions of negative energy balance such as with fasting delay puberty onset, and exogenous administration of kisspeptin can rescue this delay [48] . Evidence that diet-inducedobesity prior to puberty does not affect hypothalamic Kiss1 expression in male mice [51] supports our contention that adiposity levels peripuberty do not affect hypothalamic Kiss1 mRNA. Similar data in female mice do reveal a reduction in   FIG. 4 . Neonatal nutrition does not affect Kiss1 expression. A) Kiss1 expression in the arcuate nucleus (ARC) on the day of puberty in male rats suckled in small (SL), control (CL), and large (LL) litters. B) Seven days after puberty. C) Kiss1 expression in the anteroventral periventricular nucleus (AVPV) on the day of puberty in male rats. D) Seven days after puberty. E) Kiss1 expression in the arcuate nucleus (ARC) on the day of puberty in female rats. F) Seven days after puberty. G) Kiss1 expression in the AVPV on the day of puberty in female rats. H) Seven days after puberty. Data are mean þ SEM; n ¼ 6 rats/ group.
SMITH AND SPENCER
Kiss1 expression [28] , highlighting the potential for sex differences in kisspeptin's role.
In contrast to our data, a recent finding has shown postnatal underfeeding can delay puberty in female rats and reduce hypothalamic Kiss1 mRNA [52] . A likely explanation for this inconsistency is differences in the experimental procedures employed. First, in Castellano's study, Kiss1 mRNA expression was examined at P36, a time when more than 50% of control females and less than 50% of underfed females had displayed vaginal opening [52] . Thus, the change in Kiss1 expression may simply relate to the number of animals in an advanced stage of pubertal development. Second, in our experiments, we noted no difference in the age at puberty between SL and LL females (although the SL did have advanced vaginal opening compared to controls); it is therefore unsurprising that Kiss1 mRNA expression in the AVPV and ARC also did not differ between these groups. Why neonatal underfeeding did not delay puberty in our females as it did in this previous study is open to speculation, but it is interesting to note that our animals were considerably heavier at puberty than their counterparts in the earlier study [52] . Despite this, LL females were significantly lighter than controls on the day of vaginal opening, indicating advanced pubertal development independent of body weight in these animals.
Kisspeptin appears to be unequivocally required for the onset of puberty. Humans and mice with inactivating mutations and targeted deletions of either Kiss1 or Kiss1r fail to reach sexual maturity [24] [25] [26] 53] . If kisspeptins were fundamentally involved in triggering puberty onset, one would expect to see an increase in Kiss1 mRNA and/or Kiss1r mRNA expression at this time. In our study, there were no differences in Kiss1 expression at any time; there were also no differences between the groups in the abundance of KISS1. Our findings indicate a mechanism independent of kisspeptin is likely responsible for advancing or delaying puberty under different nutritional conditions. In interesting contrast to earlier studies, there is a report of normal pubertal maturation in male mice despite congenital ablation of Kiss1 or Kiss1r-expressing neurons [54] . It is possible these findings are partly accounted for by compensatory mechanisms operating after genetic ablation of these neurons. It is also possible the genetic ablation does not affect the entire population of kisspeptin neurons, with the few remaining capable of supporting fertility. However, this study does suggest kisspeptin neurons may not be absolutely required for normal reproductive functioning.
A potential kisspeptin-independent mechanism for the delay in puberty onset in neonatally underfed males and the accelerated puberty onset in neonatally overfed females may be changes in the adipocyte hormone, leptin [55] . Leptin also acts as a metabolic gate for the onset of puberty [56] and is particularly likely to play a role in our findings because, in LL males where puberty was delayed, weight at puberty was similar to that of CL animals. Thus, in LL males prior to puberty, a reduction in weight is most likely paired with insufficient leptin, preventing puberty. In SL females, greater levels of adiposity would mean puberty-permissive concentrations of leptin would be reached earlier. It is currently unclear why underfeeding failed to delay puberty in females and overfeeding did not accelerate it in the males. Evidence for a role for leptin in models of delayed puberty is mixed. Prenatal undernutrition in rats, which delays the onset of puberty, is associated with higher serum leptin concentrations [46] . Alternatively, delayed puberty as the result of increased fetal glucocorticoid exposure is not associated with an altered plasma leptin profile [47] . Importantly, the involvement of leptin signaling to the reproductive system via kisspeptin neurons in puberty has become contestable because studies showing genetic deletion of the leptin receptor solely in kisspeptin neurons has no effect on puberty or fertility in mice [55] .
It is clear that the early life nutritional environment and subsequent associated changes in the infantile and juvenile periods have a number of ramifications for the animal, including influencing puberty onset. Despite kisspeptin's essential role in coordinating puberty and reproductive function, it is likely that adiposity prior to puberty influences puberty onset via a mechanism that is independent of this peptide. Further work is necessary to elucidate the mechanisms by which neonatal under-or overfeeding can affect puberty onset and reproductive function, but we suggest that leptin may be important in this regard.
